The behavior of an atomic impurity coupled to conduction electrons has become one of the paradigms of condensed matter physics. Competition between on-site Coulomb interaction and band hybridization produces the Kondo effect: a crossover from weak to strong coupling between the localized and band electrons below the Kondo temperature, T,. The study of the Kondo effect has been limited, however, by the nature of the impurity system. Since it is a daunting task to drive the host metal out of equilibrium, it is the equilibrium properties of Kondo impurities that have been explored. 1 In this paper we address a new Kondo system in which non-equilibrium is routinely achieved, namely a semiconductor quantum dot weakly coupled to its leads.
It is already evident that Anderson's model 2 for a Kondo impurity -discrete, interacting levels coupled to a band -also describes quantum dots. Experimentally, the discrete spectrum of a single dot has been probed by transport 3 -s and capacitance 6 spectroscopy, while the strong on-site Coulomb interaction is observed in Coulomb-blockade conductance oscillations."' 7 Theoretically, Anderson's model has provided an excellent description of these experiments both in equilibrium," '9 and non-equilibrium.1 0 However, it is only the high temperature regime that has been explored experimentally, while it is below T 2 K that the Kondo effect emerges.
Since the Anderson Hamiltonian describes the quantum dot, at low temperatures the dot must behave as a Kondo impurity. In fact, Glazman & Raikh 11 and Ng & Lee 12 have argued that at zero-temperature equilibrium the Kondo resonance in the density of states of spin-degenerate levels will always lead to perfect transparency of the quantum dot at the Fermi energy. In contrast, above the Kondo temperature, resonant tunneling occurs only at a discrete set of Fermi energies. Thus the Kondo effect will have a striking experimental signature in low-temperature transport through a quantum dot. Furthermore, in the quantum dot system the leads coupled to the dot are easily biased to non-equilibrium and the dot potential can be swept continuously with a gate. Thus new physical questions which were not relevant to magnetic impurities can be raised. In particular, what happens to the Kondo effect out of equilibrium ?"3 Since transport measurements on single quantum dots require significant applied bias, this question is of immediate importance.
In this Letter we combine several approaches (non-crossing approximation, 14 equations of motion," perturbation theory, variational wavefunction calculation"') to present a consistent picture of low-temperature, non-equilibrium transport through a quantum dot. For spin-degenerate levels at equilibrium, the Kondo peak 17 in the density of states at the chemical potential (Fig. 1a) where c "(ck,) creates (destroys) an electron with momentum k and spin a in one of the two leads, and c+(c,) creates (destroys) a spin-a electron on the quantum dot.
Since we are interested in temperatures smaller than the orbital level spacing in the quantum dot, we consider only a single pair of levels on the dot with energies e t 0o+-Ae/2 and e, = fo-Ae/2. The third term in (1) describes the Coulomb interaction between the two localized spins which we take to forbid double occupancy' 9 (Uoo), while the fourth term describes the hopping between the leads and the dot.
Our aim is to calculate the current through the dot, J, which for the case of proportionate couplings to the leads, r,:(w) = Ar,(w), where rrq)(w) = 21rWj..&A) IVA, 2 6(w -Ek,), can be expressed 2 1 in terms of the density of states, -•ImG"(w), as
In Eq.
(2), r,(w) =rF(w)L'(w)/ [I',(w) + 1(w)], and G(w) is the Fourier trans-
form of the retarded Green function, G"(t) = -iG(t)({c,(t),c(0)}).
In order to calculate the Green function Gl(w) we use both the non-crossing approximation 1 4 and an equations-of-motion method."'" The non-crossing approximation is based on an exact mapping of the infinite-U Anderson Hamiltonian (1) onto a slave-boson Hamiltonian. If vertex corrections are neglected, the propagators for the boson and the fermion degrees of freedom, which correspond, respectively, to the propagators for the empty site and a singly occupied site, obey a set of coupled integral equations. Numerical solution of these equations has been very useful in obtaining quantitative results for the equilibrium system,"' including the occupations of the two spin-states in the presence of a magnetic field. 21 In this work we have generalized the non-crossing approximation to non-equilibrium to produce densities of states, occupations, and the nonlinear current (2) . However, as a large spindegeneracy (large N) technique, the non-crossing approximation produces a Kondo peak even for the non-interacting system (N = 1). Consequently, for N = 2 in a magnetic field, it give rise to spurious peaks in the density of states at the cbemical potentials. 22 Therefore, an equations-of-motion method was employed to complement the non-crossing approximation and isolate its shortcomings. This method corresponds to a resummation of low-order hopping processes and cannot produce a quantitative description of the Kondo effect. Nevertheless, this method is known" 5 to give the right qualitative behavior at low temperatures. More importantly in the present context, since the equations-of-motion method is exact for N = 1, it gives rise only to the proper Kondo peaks (as identified by perturbation theory 22 ).
The equations-of-motion method consists of differentiating the Green function G,(t) with respect to time, thereby generating higher-order Green functions which eventually have to be approximated to close the equation for Gl*(t). The procedure we employ here is the same as the one used in Ref. 
which explicitly shows that the lifetime is non-zero only for finite bias or finite magnetic field.
In Fig. 1 , we plot the density of states for two spins symmetrically coupled to two leads, consisting of Lorentzian bands of width 2W, so that rf(w) -r:(w) = rW 2 /2(w 2 + W 2 ), with r =I and VV = 100. Results are shown for the non-crossing approximation (dashed lines), which is reliable for zero magnetic field, and for the equations-of-motion method (continuous lines), which has the correct Kondo peak energies for all magnetic fields. In equilibrium and zero magnetic field, the density of states exhibits a Ringle peak at the Fermi level as expected'" (Fig. la) . As the chemical potentials split, the Kondo peak also splits, giving rise to a suppressed Kondo peak at each chemical potential (Fig. ib) . Upon the application of a magnetic field, the densities of states for the two spins become different and the Kondo peaks shift away from the chemical potentials by the Zeeman splitting (Ae = 0.2 in Figs. 1c and 1d) . The peaks move up in energy for the high-lying spin (Fig. 1c) and down in energy for the low-lying one (Fig. 1d) .
The main conclusion of calculation, 1 6 we find that at finite magnetic field the ground state is polarized, and adding or removing an electron produces no overlap with the new ground state.
However, there is a correlated excited state of opposite polarization which can be reached, and which consequently gives rise to a peak in the density of states, shifted by the difference in energy between polarization states, i.e. the Zeeman energy.
The current follows immediately from the densities of states (2) . In particular, the zero-temperature current is the integrated density of states between the two chemical potentials, weighted by the coupling to the leads r,(w). At zero magnetic field, therefore, the Kondo peak at the Fermi energy gives rise to a linear-response conductance of 2e 2 /h for symmetric barriers, corresponding to perfect resonant transmission through the quantum dot. 1 '" 2 As the bias is increased the differential conductance falls rapidly (Fig. 2a) .' 3 This occurs firstly because the differential conductance due jo to a peak in the density of states must fall off once A,.t exceeds the peak width, and secondly because the decreasing dissipative lifetime suppresses the peak amplitudes.
Since the peaks in the density of states persist until the temperature is roughly one-tenth the coupling to the leads, F, the peak in the differential conductance is observable well above the Kondo temperature, TK (Fig. 2a, continuous line) .
In a finite magnetic field the Kondo peaks are shifted away from the chemical potential so they contribute very little to the conductance in linear response. As the bias is increased, however, the current carrying region between the chemical potentials grows, until at A1s = AE, it reaches one Kondo peak in the density of with the non-crossing approximation (Fig. 1) , we expect th,' equations of motion to underestimate the full strength of these peaks. Experimentally, observation of peaks in the differential conductance at AA = Ae would provide a "smoking gun"
for the presence of Kondo pnysics in transport through a quantum dot.
In this work, we addressed the non-equilibrium behavior of Anderson's model for a magnetic impurity. Experimentally, the model describes low-temperature transport through a quantum dot, where non-equilibrium is readily accessible. We have shown that new energy scales emerge in non-equilibrium. Specifically, the difference in voltage bias AI.t
